Introduction
Chemerin is an adipokine associated with inflammation, glucose homeostasis, lipid metabolism and renal function, all of which strongly influence cardiovascular risk. However, the role of chemerin in the pathogenesis of cardiovascular disease is still a matter of debate [1] . Studies of chemerin as a biomarker of coronary artery disease (CAD) have generated conflicting results with either increased levels [2] or no difference [3] in subjects with or without CAD. Such conflicting results may relate to a differential risk factor profile of the cohort studied. Indeed, the association of circulating chemerin levels with atherosclerotic plaques on contrastenhanced CT coronary angiography is lost after adjustment for traditional CV risk factors [4] . However, to the best of our knowledge, no previous study has examined the association between chemerin and coronary calcium as detected and quantified by coronary artery calcification (CAC) score.
Importantly, in patients with CAD, chemerin is significantly and independently associated with the glomerular filtration rate (GFR) [3] , and similar findings have been reported also in the general population [5] and in subjects with diabetes [6] . Furthermore, chemerin levels are higher in subjects with chronic kidney disease (CKD) as compared with control subjects [7] [8] [9] and normalize after kidney transplantation [7, 8] . Given the importance of renal function as a cardiovascular risk factor, the emerging role of chemerin as a biomarker has merited particular attention in this patient group.
Enigmatically, elevated chemerin is associated with a survival advantage in incident dialysis patients, despite associations with increased inflammation and dyslipidemia [10] . However, the underlying associations for this apparent contradiction have remained hitherto unexplored. The signature cardiovascular phenotype in CKD is a premature vascular ageing with vascular calcification and increased arterial stiffness [11] .
Chemerin is one of the ligands of the G proteincoupled receptor ChemR23. We recently reported that another ChemR23 ligand, the proresolving lipid mediator resolvin (Rv) E1, inhibits vascular smooth muscle cell (VSMC) calcification [12] . Previous studies have also indicated a determinative role of ChemR23 for VSMC phenotype [12] as well as vascular inflammation in atherosclerosis and intimal hyperplasia [13, 14] . Importantly, ChemR23 is expressed in vessels derived from patients with CKD [12] . However, whether chemerin alters vascular calcification through ChemR23 remains unexplored.
Based on the above, the aims of the present study were to specifically establish the association of chemerin with coronary calcification and arterial stiffness in subjects with CKD and to determine the direct effects of chemerin signalling through ChemR23 in VSMC calcification.
Materials and methods

Patient cohort
Adult CKD stage 5 patients undergoing living donor transplantation at the Department of Transplantation Surgery at Karolinska University Hospital were invited to participate in the study, which was approved by the regional committee of ethics in Stockholm and adhered to the statutes of the Declaration of Helsinki Principles. Basic characteristics of the 113 included patients are outlined in Table 1 .
Control group
Circulating chemerin concentrations were measured in a subset of 50 healthy individuals included in a population-based cohort of randomly selected individuals in the Stockholm region (Statistics Sweden, Stockholm, Sweden; www.scb.se). The median age of the controls was 64 (46-80) years, median GFR 84 (68-104) mL min À1 1.73 m À2 , and 15 individuals (30%) were females.
Coronary artery calcification imaging and quantification
All patients underwent a noncontrast multidetector cardiac CT (LightSpeed VCT or Revolution CT; GE Healthcare, Milwaukee, WI, USA) with standard ECG-gated protocol. CAC was measured using a semi-automatic software (SYNGO.VIA CT CASCORING; Siemens Healthcare, Forchheim, Germany) and assessed as a lesion with an area >1 mm 2 and a peak intensity >130 Hounsfield Unit (HU) based on the Agatston method and expressed in Agatston units (AU) [15] . The Agatston score is a product of density (HU) and area (mm 2 ) of the coronary calcification and is calculated using a weighted measurement to the highest density of calcification in a coronary artery. The density (HU) is scored as 1 = 130-199 HU, 2 = 200-299 HU, 3 = 300-399 HU and 4 = ≥400 HU. The Agatston score of each plaque is then summed for all image slices of the heart to determine the total CAC score. Total CAC score was defined as the sum of the CAC scores in the left main artery, the left anterior descending artery, the left circumflex artery and the right coronary artery.
Augmentation index measurement
Assessment of arterial stiffness was performed noninvasively with SphygmoCorâ system (AtCor Medical, Sydney, NSW, Australia). Augmentation index (Aix) was derived from pulse wave analyses and normalized for heart rate of 75 bpm was used in accordance with Wilkinson et al. [16] . Sphygmo-Cor adjusts the AIx at an inverse rate of 4.8% for each 10 bpm increment.
Biochemical measurements
Plasma concentrations of chemerin were measured in patients and controls using a Colorimetric Sandwich ELISA Kit (Human Chemerin Quantikineâ ELISA; R&D Systems, Minneapolis, MN, USA) according to manufacturer's instructions. Analyses of high-sensitivity C-reactive protein (hsCRP), plasma cholesterol and creatinine were performed at the Clinical Chemical Laboratory of Karolinska University Hospital, Stockholm, Sweden. Interleukin-6 (IL-6) and tumour necrosis factor a (TNF) were analysed by immunometric assays on an Immulite 1000 Analyzer (Siemens Healthcare Diagnostics, Los Angeles, CA, USA) using commercial kits according to the manufacturer's instructions. Matrix gla protein (MGP) and fetuin-A were measured as previously described [17] using an antibody against dephosphorylated uncarboxylated MGP [18] .
Clinical assessments
Prevalent CVD was defined based on clinical history or signs of ischemic cardiac disease, and/or presence of peripheral vascular disease and/or cerebrovascular disease. Supine blood pressure was measured using a manual sphygmomanometer. Body mass index (BMI) was calculated as weight in kilograms divided by the square of height in metres.
SMC isolation and stimulation
C57BL/6 and ChemR23-deficient mice on a C57BL/6 background were bred as previously described [12, 13] . Aortic VSMCs were isolated from 8-to 12-week-old male mice according to previously published protocols [12, 13] . All experiments were performed between passage 3 and 5 with an initial cell density of 10 000 cells cm À2 in 5% FBS. In vitro calcification was induced by culturing VSMCs in the absence and presence of Chemerin (50 lg mL À1 ; R&D) for 9 days in cell culture media supplemented with 2.6 mmol L À1 inorganic phosphate (Sigma, St. Louis, MO, USA) as previously described [12] .
Alizarin red staining and quantification
Calcification was assessed by staining VSMCs with alizarin red. In brief, 2% alizarin red was diluted in dH2O, filtered and pH adjusted to 4.1-4.3 with either 10% ammonium hydroxide or HCl. After calcification, VSMCs were washed twice with PBS, fixed in 4% formaldehyde, washed in water, stained in 2% alizarin red and washed. Alizarin red staining extraction and quantification of in vitro cultured cells was performed according to previously published protocol using an acetic acid based extraction method [19] . 
Results
Chemerin levels in CKD stage 5 compared with healthy controls
The comparison between the patient cohort and the healthy controls revealed significantly increased chemerin levels in CKD stage 5 (Fig. 1) . The baseline characteristics of the CKD stage 5 are shown in Table 1 . Stratification of the latter cohort according to chemerin above and below median revealed decreased CAC and increased creatinine, respectively, as well as significant differences in several cardiometabolic risk factors and inflammation (Table 1) .
Chemerin inversely associated with CAC but not Aix
The distribution of CAC in relation to chemerin levels is shown in Fig. 2(a) . Age-and sex-adjusted univariate analysis revealed a weak, but significant, inverse correlation between CAC and chemerin (b = À0.19; P = 0.048). After exclusion of the 52 patients with CAC score 0 ( Fig. 2b) , the association between CAC and chemerin was stronger (b = À0.33; P = 0.011). In contrast, no significant association between chemerin and Aix was observed (Fig. 2c) .
Renal function, cholesterol, BMI and inflammation are significantly associated with chemerin in CKD
The stratified analysis ( Table 1) indicated that subjects with worsened renal function exhibited increased chemerin levels as well as increased cardiometabolic risk factors and increased inflammation (Table 1) . Since all these factors may be associated with increased CAC, we next addressed these separately to determine the major confounders for the association of chemerin with CAC and Aix. The association between chemerin and creatinine is shown in Fig. 2(d) . In an age-and sex-adjusted analysis, chemerin was significantly associated with creatinine (b = 0.35, P < 0.001).
Since prevalent CVD and the presence of cardiometabolic risk factors may affect both chemerin levels and CAC, a multivariate analysis was performed identifying cholesterol (b = 0.21, P = 0.010) and BMI (b = 0.23, P = 0.010) as independently associated with chemerin levels, whereas prevalent CVD, systolic blood pressure, diastolic blood pressure, prevalent diabetes and Hba1c % did not significantly add to the model. Next, the three measured inflammatory mediators were evaluated in a multivariate analysis, identifying TNF (b = 0.32; P < 0.001) but not hsCRP or IL-6 as independently associated with chemerin. Based on the above-mentioned associations, a multivariate model was constructed to examine the association of chemerin with the degree of coronary calcification in the cohort with CAC > 0 ( Fig. 2b) . Adjusting for age, sex, creatinine, cholesterol, BMI and TNF, chemerin was significantly associated with lower CAC (b: À0.40; P = 0.006). In accordance with the aforementioned results, the associations for Chemerin with Aix remained nonsignificant (P = 0.905).
CKD Controls
Chemerin associates with calcification inhibitors MGP and fetuin-A
To examine possible pathways involved in the observed inverse relation between chemerin and CAC, we subsequently examined the association between chemerin and calcification inhibitors. In a subset of CKD patients, MGP (n = 54) and fetuin-A (n = 47) were analysed. In univariate analysis, chemerin was significantly and positively associated with both MGP and fetuin-A (Fig. 3) .
Chemerin inhibits VSMC calcification and induces MGP expression through ChemR23
To the determine the causality behind the observed associations between chemerin and calcification, murine VSMCs were cultured under calcifying conditions and treated with or without chemerin. Chemerin-treated VSMCs exhibited significantly less calcification compared with control cells (Fig. 4a ), this reduction in calcification was accompanied by a significant decrease in the expression of the pro-osteogenic runt-related transcription factor (Runx2) (Fig. 4a ). To assess the mechanism by which chemerin reduced calcification, VSMCs from ChemR23 +/+ and ChemR23 À/À were treated with chemerin. In contrast to ChemR23 +/+ VSMCs, chemerin did not significantly reduce phosphateinduced calcification in ChemR23 À/À VSMCs (Fig. 4b) . Gene expression analysis revealed that chemerin increased MGP mRNA levels by 1.32 AE 0.19-fold in ChemR23 +/+ VSMC, which was significantly higher compared with the chemerin-induced changes in ChemR23 À/À VSMC (Fig. 4b ).
Discussion
The present study points to chemerin as a marker of lower CAC in CKD and as an inhibitor of calcification, based on the observations that chemerin levels were associated with lower CAC in CKD patients, despite positive associations with renal function, cardiometabolic risk factors and inflammation. These results were accompanied by a significant association of chemerin with two calcification inhibitors; fetuin-A and MGP. Finally, in murine VSMC, chemerin increased MGP levels and decreased calcification through ChemR23. Taken together, these results reveal a vascular protective potential of chemerin through ChemR23 in CKD.
A striking finding in this cohort of CKD stage 5 patients was that more than 50% had prevalent CAD as defined by a CAC score >0, which is in the same range as observed in another CKD cohort [18] , emphasizing the potential of the uraemic milieu to accelerate coronary calcification. Chemerin was significantly increased in CKD stage 5 compared with healthy controls and associated with creatinine in the CKD cohort in the present and previous studies [7] [8] [9] [10] .
In terms of cardiovascular risk factors, chemerin has been associated with BMI [4, 9, [20] [21] [22] [23] [24] , lipid levels [4, 6, [20] [21] [22] 24, 25] and hypertension [4, 20, 22, 25] . Among the cardiometabolic risk factors examined in the present study, only cholesterol and BMI were independently associated with chemerin levels. This is in line with our in vivo studies that showed increased chemerin levels in mice fed a high-fat diet [14] . Furthermore, although hsCRP, TNF and IL-6 exhibit established associations with chemerin [4, 6, 22, 24, 25] , only TNF remained significantly associated with chemerin in our multivariate analysis. A causal link between TNF and chemerin has been suggested based on the observation that anti-TNF treatment with adalimumab lowers chemerin levels [26] .
The association of chemerin with lower CAC in the present study is unexpected given the association of this biomarker with decreased renal function, inflammation and other CV risk factors. Indeed, taking these identified confounders into consideration, chemerin remained independently associated with lower CAC in the subgroup with CAC > 0. Importantly, CAC is associated with arterial medial calcification in other vascular beds in this cohort [11] . Thus, although chemerin associated with cardiovascular risk factors and inflammation, it may transduce protection against vascular calcification.
In favour of a causal role of chemerin behind these associations, chemerin inhibited phosphate-induced calcification of VSMCs, a model which to some extent mimics the hyperphosphatemic conditions in CKD. Those findings were similar to the recently reported protective effects on vascular calcification by the lipid mediator RvE1 [12] , which shares the ChemR23 receptor with chemerin for the transduction of biological effects [27] . The lack of chemerin-induced effects on calcification in VSMC lacking the ChemR23 receptor indeed supports that ChemR23 signalling inhibits vascular calcification in response to its ligands chemerin and RvE1. Importantly, our observation of a positive correlation for chemerin with the calcification inhibitor MGP in CKD patients was accompanied by an increase in MGP mRNA levels in response to chemerin in VSMC. Since chemerin did not alter MGP levels in ChemR23-deficient VSMCs, these results point to a causal relationship in which chemerin increases the calcification inhibitor MGP through ChemR23 locally within the vascular wall, resulting in reduced calcification and osteogenic differentiation, as exemplified by reduced VSMC levels of Runx2 in the present study. Nevertheless, also systemic effects may be involved since we also found a significant correlation between chemerin and the liver-derived calcification inhibitor fetuin-A [28] in the present study. These two calcification inhibitors contribute to a decreased vascular calcification [17, 29] , but their association with chemerin in this context has not previously been reported. Nevertheless, the association between chemerin and fetuin-A has been implicated in hepatic steatosis and obesity in haemodialysis patients [23] . Interestingly, a genetic variant of ChemR23, protects obese subjects from excessive inflammatory burden [30] , further reinforcing the notion that chemerin signalling under certain conditions may be beneficial.
A specific effect on calcification as opposed to other vascular changes is further supported by the lack of association of chemerin with Aix which in addition to calcification also depends on other structural changes of the vasculature, such as fibrosis and endothelial dysfunction [31] as well as diastolic Fig. 4 Chemerin induces matrix gla protein (MGP) expression and inhibits calcification through ChemR23 in vascular smooth muscle cells (VSMCs) (a) Quantification of phosphate-induced calcification after 9 days and representative images n = 6. Runx2 mRNA expression in VSMCs after treatment with chemerin (50 lg mL À1 ) after 9 days in culture n = 5. (b) Quantification of phosphate-induced calcification after 9 days in ChemR23 +/+ and ChemR23 À/À VSMCs. MGP mRNA expression in ChemR23 +/+ and ChemR23 À/À VSMCs after treatment with chemerin (50 lg mL À1 ) after 9 days in culture n = 3. Data represented as media AE SD. *P < 0.05; **P < 0.01, ***P < 0.001. heart function [32] . However, our finding that chemerin did not associate with arterial stiffness is in contrast to studies in nonrenal patients [21, 25] , suggesting a differential association between chemerin not only between CAC and Aix but possibly also between renal and nonrenal patients.
The present results hence raise a novel notion of chemerin as a marker of lower CAC in CKD and as an inhibitor of calcification. There are however certain limitations that should be acknowledged. First, although we performed an extensive phenotyping of the patients and performed multivariate analysis to adjust for several factors, it cannot be excluded that the observed association was driven by unknown confounding. Furthermore, calcification inhibitor measurements were available only in a subset of patients, and the proportion of activated MGP was not determined. It should finally be appreciated that this cohort consists of a selected group of CKD stage 5 patients selected for living donor renal transplantation. Thus, the cohort may not be fully representative of the typical older and frail haemodialysis patient cohort.
Summary and conclusions
In summary, the present study shows increased levels of chemerin in CKD patients, in which renal function, cholesterol, BMI and the inflammatory mediator TNF were major confounders. Despite the latter findings, our results indicate an inverse correlation with CAC. This protective effect of chemerin was transduced through ChemR23 in VSMCs and associated with increasing levels of calcification inhibitors such as MGP. In conclusion, these results provide evidence for a protective role of chemerin against vascular calcification, which potentially could contribute to the positive prognostic value of this marker in CKD patients [10] .
